Introduction Cannabis users have been reported to have decreased regional cerebral glucose metabolism after short periods of abstinence. The purpose of this study was to measure striatal dopamine receptor (D 2 /D 3 ) availability and cerebral glucose metabolism with positron emission tomography (PET) in young adults who had a prolonged exposure to cannabis and who had been abstinent for a period of at least 12 weeks. Materials and methods Six 18-21-year-old male subjects with cannabis dependence in early full remission and six age-and sex-matched healthy subjects underwent PET scans for D 2 /D 3 receptor availability measured with [C11]-raclopride and glucose metabolism measured with [18F]-FDG. All subjects were sober for at least 12 weeks before PET scan procedures. PET data were analyzed with statistical parametric mapping software (SPM99; uncorrected p < 0.001, corrected p < 0.05 at the cluster level). Toxicology screening was performed prior to the PET scan to confirm the lack of drugs of abuse. Observation and results Striatal D 2 /D 3 receptor availability did not differ significantly between groups. Compared to controls, subjects with cannabis dependence had lower normalized glucose metabolism in the right orbitofrontal cortex, putamen bilaterally, and precuneus. There were no significant correlations between striatal D 2 /D 3 receptor availability and normalized glucose metabolism in any region of the frontal cortex or striatum. Conclusion These findings may reflect both cannabis exposure and adaptive changes that occur after a prolonged period of abstinence. Subsequent studies should address whether metabolic and dopamine receptor effects are associated with either active use or longer-term withdrawal in these relatively young subjects.
including reinforcing responses to drugs during intoxication, activation during craving, and deactivation during withdrawal (Kalivas 2002) . In the dopaminergic reward circuit, the ascending mesocorticolimbic projections of the ventral tegmental area (VTA) dopaminergic neurons appear to be a common substrate for the rewarding properties of many drugs of abuse (including tetrahydrocannabinol (THC) and cannabinomimetic drugs). These drugs increase cell firing in VTA dopaminergic neurons and dopamine release in terminal areas such as the nucleus accumbens and prefrontal cortex (for reviews, see for example Gardner 2005; Koob et al. 1998; Wise and Bozarth 1985) . It has been suggested that the dopamine activation in the striatum involves direct interactions between the dopamine D 2 receptors and type 1 cannabinoid (CB1) receptors. The highest densities of CB1 receptors are in the substantia nigra, cerebellum, hippocampus, striatum, and frontal cortex, and there is a high co-localization of the dopamine and CB1 receptors in neurons of the basal ganglia and of the limbic cortex (Glass et al. 1997; Herkenham et al. 1990; Mailleux and Vanderhaeghen 1992) . The endogenous cannabinoid, anandamide, is released in the striatum during neural activity and appears to be a primary component of a network of neurally active substances that regulate striatal function. Functional interactions between the endogenous cannabinoid anandamide and dopamine suggest a possible participation of the endogenous cannabinoid system in disorders that involve dysregulated dopamine neurotransmission (Giuffrida et al. 1999) . The mesocortical dopamine circuit, which includes the prefrontal, anterior cingulate cortices, and orbitofrontal cortices, is likely to be involved in the conscious experience of drug intoxication, drug incentive salience, drug expectation or craving, and compulsive drug administration (Volkow and Fowler 2000) . The mesolimbic system including the nucleus accumbens, amygdala, and hippocampus is thought to be involved in drug reward and conditioned responses (Koob and Bloom 1988) . Thus, cannabinoid receptors are located within the target regions of the reward circuit, particularly in regions innervated by dopamine, and may have a modulatory role on dopamine function. These preclinical data suggest that the evaluation of the functional circuitry affected by cannabis dependence and alterations in D 2 /D 3 receptor availability is a logical step for the present study.
It has been suggested that decreases in dopamine (D 2 ) receptors and dopamine release cause a decreased sensitivity of reward circuits to stimulation by natural rewards (Noble et al. 1991; Volkow et al. 2002) . This hypothesis is consistent with functional imaging studies integrating measures of cerebral glucose metabolism and striatal dopamine (D 2 ) receptor availability in adult subjects dependent on cocaine (Volkow et al. 1993 ) and methamphetamine (Volkow et al. 2001) . These methods have enabled investigators to evaluate in human subjects the integrity of mesocortical and mesolimbic dopamine circuits implicated in preclinical studies of addiction that are difficult to image directly. A logical application of these functional imaging methods is to evaluate whether this hypothesis applies to cannabis. The rationale for neuroimaging studies of the dopamine system in cannabisdependent subjects is further strengthened by the neurobiological evidence for the neuromodulatory role of cannabinoids with respect to dopamine (Gardner 2005) .
Previous neuroimaging studies suggest that brain metabolic activity is decreased in prefrontal areas and cerebellum in chronic cannabis users compared to normal controls after short periods of abstinence less than 1 month (Amen and Waugh 1998; Block et al. 2000; Lundqvist et al. 2001; Volkow et al. 1996a ). However, the pattern of cerebral metabolism after prolonged periods of abstinence (more than 1 month) has not been studied in cannabis-use disorders. Previous studies have reported reduced D 2 /D 3 receptor availability measured with [11C]-raclopride in subjects with cocaine- (Volkow et al. 1993; , opiate- , and alcohol- (Volkow et al. 1996b ) use disorders. There do not appear to be any published imaging studies evaluating dopamine D 2 /D 3 receptor availability in cannabis-use disorders after prolonged periods of abstinence.
Thus, the purpose of this pilot study was to examine cerebral D 2 /D 3 receptor availability and glucose metabolism in young adults within a narrow age range (18-21-year olds) who have a history of prolonged exposure to cannabis and who have been abstinent for a period of time long enough to avoid imaging the acute withdrawal effects of cannabis. We postulated that a history of prolonged cannabis exposure in adolescence is associated with persistent (1) decreased striatal D 2 /D 3 receptor availability and (2) decreased glucose metabolism in regions that comprise the dopaminergic brain reward circuits compared to control subjects even after prolonged periods of abstinence.
Materials and methods

Subject screening and selection
Male subjects with cannabis dependence in early full remission were recruited from a therapeutic community through referrals from clinicians and counselors. During their stay, they were closely monitored for any psychoactive substance use, and the residential program included regular and random urine toxicology. Male comparison subjects were recruited through advertisements in local community centers to obtain subjects with demographic characteristics similar to those of subjects in the cannabis group.
After a complete description of the study to the subjects, written informed consent was obtained according to procedures established by the Institutional Review Board and the Radiation Safety Committee of the North ShoreLong Island Jewish Health System. Then, subjects underwent laboratory testing, toxicology screening, psychiatric and substance abuse assessments, and Magnetic Resonance Imaging (MRI) Scan (GE 1.5T). Subjects were excluded based upon a history of current and past psychiatric, neurological, or significant medical illness, abnormal laboratory testing (including blood glucose level higher than 115 mg/dl), and abuse of prescription or over the counter medications (e.g., antihistamines, cold medications) or herbal supplements with central nervous system effects within the past month. Inclusion criteria for the cannabis group were (1) a Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) diagnosis of cannabis dependence in early full remission, (2) no current or past dependence on any other psychoactive drugs other than cannabis including alcohol (subjects with caffeine and nicotine dependence were eligible for this study), (3) cannabis use for at least 1 year before age 18, and (4) an average of three or more joints (i.e., the equivalent of 1.5 grams or more of cannabis) smoked per week, (5) sober for any substance of abuse for more than 1 month, (6) no current DSM-IV axis I disorder besides substance abuse.
Behavioral and imaging assessments
Assessments were conducted in three sessions. The first session included an interview with the Structural Clinical Interview for DSM-IV-TR Axis I Disorders (SCID), the Comprehensive Addiction Severity Inventory for Adolescents (CASI-A; Meyers et al. 1995) , and an analog scale assessing craving. Based on the interview, the rater determined the age of first cannabis use and onset of DSM-IV criteria for cannabis dependence. Subjects had blood pressure, height, weight, and laboratory tests taken (routine blood work, urine analysis, and toxicology). All participants had a Urine Multidrug Screen Test Kit (detecting THC, opiates, amphetamine and met-amphetamine, PCP, and cocaine). During the second session, subjects had a brain MRI to define regions of interest that were copied to PET images. During the third session, subjects had urine toxicology, craving, withdrawal symptoms, mood, and anxiety ratings with visual analog scales used in previous studies (Wang et al. 1999) , depression rating with the Hamilton Rating Scales for Depression and PET scans.
Clinical assessments for substance-use disorders included available medical records, review of socioeconomic and familial background, self-report, and collateral information (health care providers, case managers, family members, friends, and housemates when available), and assessments of substance use using the substance-use module of the SCID and CASI-A interviews. To assess extent of cannabis use, the age of onset, duration and frequency of use, number of joints smoked per week, and cannabis gramyears (calculated as the product of the average daily cannabis use and duration of cannabis use since onset of cannabis dependence) were documented.
Neuroimaging procedures
The PET scans were performed in the Functional Brain Imaging Laboratory at North Shore University Hospital. In one scan session, the subjects underwent one scan to measure D 2 /D 3 receptor availability using [11C]-raclopride and one scan to measure cerebral glucose metabolism using
We measured [11C]-raclopride binding potential and glucose metabolism during resting state to avoid the potential variability related to the degree of subject engagement during an activation task. The radiotracers were synthesized according to published methods (Chaly et al. 1990; Farde et al. 1988 ). The General Electric (GE) Advance tomograph was used for the PET scans. The performance characteristics of the scanner have been determined previously (Dhawan et al. 1998 ). Subjects were instructed not to eat, smoke, or drink caffeinated beverages after midnight of the day preceding the PET scan procedures and had urine toxicology before PET scanning.
For the [11C]-raclopride scan, subjects were positioned in the GE Advance scanner after placement of an intravenous line in an antecubital vein. A 10-min transmission scan was obtained. Then, a 60-min dynamic PET data acquisition began upon intravenous injection of [11C]-raclopride (15 mCi±10%). The scan protocol for [11C]-raclopride involved five scans of 1 min, followed by seven scans of 5 min and two scans of 10 min. Then, the patient was taken out of the scanner. After a break at the end of the first scan to permit for adequate decay of the carbon-11 (at least five half lives of the carbon-11), the [18F]-FDG study began. Five millicurie (±10%) of [18F]-FDG was injected as an intravenous bolus to measure glucose metabolism. During the uptake interval, the subject sat in a darkened quiet room with eyes open and ears unoccluded. A single venous blood glucose sample was obtained at 20 min postinjection from an antecubital vein in the arm opposite the injection site for [18F]-FDG quantification and to scale a population-derived blood curve (0-50 min), according to published methods (Takikawa et al. 1993) . Twenty-five minutes after radiotracer injection, the subject was positioned in the GE Advance Tomograph. A 10-min transmission scan was obtained, and then a static emission scan began at 40 min after radiotracer injection and lasted for 20 min. At the end of the PET scan, the subjects were removed from the scanner and the intravenous lines removed.
PET data and image analysis
For the [11C]-raclopride studies, analyses with both volume of interest (VOI) and voxel-based brain mapping were performed. The dynamic frames were realigned to each other and a summed image was generated for VOI drawing. All of the frames were averaged and four central slices that cover the striatum (total thickness=4x4.25=17 mm) were chosen for VOI identification. VOIs were then placed bilaterally on the caudate nucleus, putamen and occipital cortex using an automated algorithm. The time-activity curves from the PET scan were analyzed and a receptor binding parameter-distribution volume ratio (DVR)-was calculated using the occipital time-activity curve as the input function as described by Logan et al. (1996) . DVR is a measure of binding potential that gauges the capacity of receptor occupancy. Previously (Asanuma et al. 2005; Ma et al. 2002) , we have shown with [11C]-raclopride data that the use of the occipital input function is equivalent in revealing group differences as compared to the use of cerebellar input function that was validated in many studies (e.g., Lammertsma et al. 1996; Logan et al. 1996) . Maps of binding potential were also created on a voxel basis and analyzed using SPM99.
Glucose metabolism was calculated by a modification of the method by Phelps et al. (1979) with minimal blood sampling to scale a population-derived standardized input function (Takikawa et al. 1993) . It has been determined that after 15 min post-injection, the arterial and venous samples are linear with respect to count rates and glucose concentrations. For the [18F]-FDG studies, glucose metabolic rates were calculated on a pixel by pixel basis as described previously Takikawa et al. 1993) . Data processing was performed using the statistical parametric mapping program (SPM99; Wellcome Department of Cognitive Neurology, London, UK; Friston et al. 1995) . The PET scans from each subject were non-linearly warped into Talairach space and proportionately scaled. The images were smoothed with an isotropic Gaussian kernel (Full width at half maximum 8 mm for all directions). Metabolic values were normalized by the global mean of each individual subject. Differences between groups were compared using the independent sample t-test option in SPM99 and were considered significant at a t threshold greater than 4.14 (p < 0.001; uncorrected for multiple independent comparisons). Only regions that were significant at the cluster level (p<0.05 corrected for multiple comparisons) are reported. Complementary VOI analysis was also carried out post-hoc by averaging voxel values on the normalized and smoothed FDG images over spheres (6 mm diameter) that were centered at the peak coordinate of each reported cluster. These values were compared both before (absolute metabolism) and after (relative metabolism) normalization by the global mean of each individual subject. Furthermore, the relationship between [11C]-raclopride binding and normalized glucose metabolism was also investigated by performing correlation analysis in two different ways (1) glucose metabolic images were correlated on a voxel basis with striatal [11C]-raclopride binding values (2) glucose metabolism and [11C]-raclopride binding values were correlated in each of the VOIs used for post-hoc FDG analysis noted above.
Results
Demographics and clinical data
Six male subjects with cannabis dependence in early full remission (CD) and six age-and sex-matched healthy controls (HC) participated in this study. The mean age in both groups was 20±1 (standard deviation) years old (range=18-21). The CD group had a lower mean level of education compared to the HC group (10±1 years vs. 12± 1 years; t=−6.2, p<0.001) but similar cognitive abilities, as measured with the Wide Range Achievement Test-third edition (Nelson and O'Connell 1978) . There was a higher proportion of cigarette smokers in the CD group compared to the HC group (Fisher's Exact Test, p<0.04). However, none of the subjects had a current DSM-IV diagnosis of nicotine dependence. All CD subjects were in a residential program for more than 3 months, had limited time for smoking, and had no difficulty refraining from smoking 10 h before and during PET scan procedures. The day of the PET scan, CD and HC subjects were assessed for craving and withdrawal symptoms using visual analog scales, and no subject reported craving or withdrawal symptoms related to drugs, alcohol, or nicotine. Subject characteristics are reported in Table 1 . There were no differences between groups for levels of subjective ratings of depression, anxiety, or happiness.
Cerebral D 2 /D 3 receptor availability Using SPM99 and a mask for the striatal region (uncorrected p<0.01; extent threshold k=0 voxels), there were no differences between groups for striatal [11C]-raclopride binding potential. In addition, anatomical VOI analysis did not reveal significant differences between groups. Distribution of binding data was very homogenous in each group, and effect sizes (Cohen 1988) were small (Table 2 ). A power analysis shows that an increase in sample size from 6 to 30 in each group would not give more than 28% power to detect a difference in means between groups using a twosample t-test with a 0.050 two-sided significance level.
Cerebral glucose metabolism
Using SPM99 (uncorrected p<0.001; extent threshold= 230 voxels), CD subjects demonstrated lower normalized glucose metabolism in several regions of the brain compared to HCs. Table 3 shows the coordinates of the regions that differed significantly between groups. SPM analysis revealed decreased normalized glucose metabolism in the right orbitofrontal cortex extending from gyrus rectus to anterior cingulate [Brodmann's area 25] and the right medial posterior parietal cortex as well as the putamen, bilaterally (Fig. 1) . In the cerebellum, normalized glucose metabolism was only decreased in a very small region of the right cerebellum (Montreal Neurological Institute coordinates 34, −30, −34, k=16 voxels, p<0.0005). In addition, VOI analysis revealed that absolute glucose metabolism in the CD subjects were lower in these regions but did not reach statistical significance due possibly to small sample size. However, the globally normalized regional values were reduced significantly (p<0.0005) by 7-14% with respect to the HC subjects (Table 4 ). This resulted from the reduced variability following normalization by global mean metabolism. The SPM analyses showed no brain region with higher normalized glucose metabolism in the CD subjects compared to HC subjects. There was a negative correlation between normalized glucose metabolism in the right posterior parietal cortex and cannabis gram-years (Pearson correlation coefficient −0.85, p<0.05). There were no significant correlations between normalized glucose metabolism in other areas of the brain or striatal [11C]-raclopride binding potential and cannabis gram-years.
Correlation between normalized glucose metabolism and D 2 /D 3 receptor availability There were no correlations between striatal [11C]-raclopride binding potential and normalized glucose metabolism in any region with decreased metabolism from voxel-based SPM analysis.
Discussion
We did not find any differences between groups in striatal D 2 /D 3 receptor availability with either VOI or voxel-wise analysis methods. As predicted, we found decreased normalized glucose metabolism in the region of the right orbitofrontal region and striatum bilaterally. Our findings (Collins et al. 1994) are in agreement with some previous neuroimaging studies showing decreased cerebral metabolic activity in the ventromedial or orbito-prefrontal cortex in cannabis users after periods of sobriety of 5 days or less (Amen and Waugh 1998; Block et al. 2000; Lundqvist et al. 2001) . In a PET study, to measure cerebral blood flow with [15O]-water, Block et al. (2000) compared 17 frequent marijuana users abstinent for at least 26 h and 12 non-using controls. Compared to controls, marijuana users had lower normal blood flow in the ventral prefrontal cortex, posterior cerebellum, and vermis bilaterally. In a study measuring regional cerebral blood flow using 133Xe inhalation technique, Lundqvist et al. (2001) found decreased perfusion in right prefrontal, superior frontal, and central cortical areas in 12 male long-term cannabis users who were sober for 1 to 5 days compared to 14 age-and sex-matched normal controls. Volkow et al. (1996a) compared eight subjects with cannabis dependence who were sober for 72 h with eight non-users. They found decreased cerebral glucose metabolism in frontal and cerebellar regions, but post-hoc t-tests were only significant for the cerebellum. In a Blood Oxygen Level Dependent functional MRI study of non-verbal visual attention tasks, Chang et al. (2006) found that abstinent marijuana users had less activation in several areas of the attention network (right and left prefrontal cortex, right dorsal medial parietal cortex, and cerebellum) compared to normal controls. We found a decreased cerebral metabolism in the posterior medial parietal cortex, which was inversely related to the extent of cannabis exposure. Except for a very small region of the right cerebellum, we did not observe a significant decreased resting-state activity in the cerebellum. Our negative cerebellar findings are in contrast with other PET studies (Block et al. 2000; Volkow et al. 1996a ) and may be due to an earlier age at onset of cannabis use, shorter periods of cannabis exposure, and longer duration of abstinence in our subjects with cannabis dependence compared to cannabis users in other studies. The present study is limited in several respects. The sample size was small, which may explain our negative findings for striatal D 2 /D 3 receptor availability. However, as described in Table 3 , the distribution of D 2 /D 3 receptor availability in caudate and putamen was very homogenous in each group. As both groups were matched in age and gender, it is unlikely that differences in striatal D 2 /D 3 receptor availability would be revealed with a greater number of subjects. Effect sizes were small, and a power analysis indicates that an increase in sample size would still result in a low power to detect differences between groups. We cannot rule out that our cannabis-dependent subjects had a decreased brain glucose metabolism prior to cannabis use. Similar to previous studies (Lundqvist et al. 2001) , there was a higher proportion of cigarette smokers in the CD group compared to the healthy subject group and changes in glucose metabolism may be related to cigarette withdrawal or craving (Brody et al. 2002) . However, our CD subjects were not nicotine dependent, had no difficulty refraining from smoking for at least 10 h before and during PET scan procedures, and did not report craving or withdrawal symptoms for nicotine at the time of the PET scan. Finally, one cannabis user was not matched for handedness. It is difficult to estimate the impact of the difference in handedness. To our knowledge, there are no reports that differences in handedness are related to asymmetries in glucose metabolism or [11C]-raclopride binding in the inactivated state.
In summary, abstinent young adults with cannabis dependence in early full remission do not differ from controls in striatal D 2 /D 3 receptor availability but demonstrate low normalized glucose metabolism in the right orbitofrontal region, putamen bilaterally, and precuneus. Decreased glucose metabolism after more than 12 weeks of sobriety suggests that our findings are not related to a residual effect of cannabis or an acute withdrawal effect. Future studies will evaluate the acute effects of cannabis exposure as well as the time course of abstinence with respect to the functional neuroanatomic changes associated with persistent deficits, as well as compensatory processes.
